Multiple sclerosis (MS) is a chronic inflammatory disease that results in demyelination in the central nervous system, and a defect in the regulatory function of CD4 + CD25 high T cells has been implicated in the pathogenesis of the disease. Here, we reanalyzed the function of this T cell subset in patients with MS, but we depleted cells expressing IL-7 receptor α-chain (CD127), a marker recently described as present on activated T cells but not Tregs. Similar to other studies, we observed a marked defect in the suppressive function of unseparated CD4 + CD25 high T cells isolated from MS patients. However, when CD127 high cells were removed from the CD4 + CD25 high population, patient and control cells inhibited T cell proliferation and cytokine production equally. Likewise, when the CD25 gate used to sort the cells was stringent enough to eliminate CD127 high cells,
Introduction
In the adaptive immune system, the balance between the efficient recognition of pathogens and the control of autoimmune diseases is assumed by deletion of autoreactive clones and mechanisms of peripheral tolerance in which Tregs have a key role (1, 2) . Such a role for Tregs was first described by Sakaguchi and colleagues, opening the way for the description of different types of Tregs (3, 4) . The same group identified the transcription factor FOXP3 as the hallmark of regulatory function (5-7). However, FOXP3 cannot be used to isolate living Tregs because of its intracellular expression. In addition, FOXP3 can also be expressed by activated cells (8) (9) (10) . Natural Tregs also express IL-2 receptor α-chain (IL-2Rα chain, also known as CD25), a cell surface marker commonly used to distinguish among regulatory (CD25 high ), activated (CD25 int ), and naive (CD25 low ) T cells (11, 12) in humans. However, despite CD25 being a useful marker, the level of CD25 expression alone does not enable a precise estimation of the content of Tregs within a biological sample. Recently, Seddiki et al. (13) and Liu et al. (14) showed that, in humans, low expression of IL-7Rα chain (CD127) combined with high expression of CD25 enables better isolation and purification of Treg populations among CD4 + CD25 + T cells. In functional assays, CD4 + CD25 high CD127 low T cells are highly suppressive. Furthermore, expression of CD127 negatively correlates with FOXP3 content, since FOXP3 interacts with the CD127 promoter, contributing to the low expression of CD127 in CD4 + CD25 high Tregs (14) .
MS is a chronic inflammatory and demyelinating disease of the central nervous system. This disorder is thought to be initiated by autoreactive T cells recognizing peptides from myelin sheath proteins (15, 16) . However, there is no compelling evidence that the frequency of autoreactive cells is increased in MS versus age-matched controls (17) . In an initial study, the frequency of CD4 + CD25 high T cells was found to be normal, but the authors did not assess functional suppression (18) . Several studies have sought to prove the hypothesis of a reduced suppressive function of this T cell subset in MS (19) (20) (21) . Viglietta et al. (21) reported a decrease in the regulatory function of CD4 + CD25 high T cells from the peripheral blood of patients with relapsing-remitting MS (RR-MS) compared with healthy individuals (HIs). In addition, the levels of FOXP3 have also been reported as decreased, both at the single cell level and in the CD4 + CD25 + population (22, 23) . Hence, a defect in the control of the in vitro proliferative response of MS patient CD4 + T cells to myelin proteins has also been reported (19, 20) . However, in all of these studies, a single-step CD25 enrichment protocol was used to isolate the T cell populations tested in a coculture system in which the regulatory potency assessment was based on the inhibition of CD4 + CD25 -cell growth following polyclonal stimulation.
In this study, we took advantage of new CD4 + CD25 high markers to revisit CD4 T cell regulatory function in MS patients. For this purpose, we used CD127-depleted cells to more precisely characterize the regulatory properties of CD4 + CD25 high T cells from MS patients compared with HIs. Based on a study of 34 patients and 25 healthy volunteers, we now report that the regulatory function of the CD4 + CD25 high CD127 low T cells is similar in MS patients and HIs. We also show that the isolated CD4 + CD25 high CD127 high T cell subset of MS patients may proliferate more and produce more mitogenic lymphokines in coculture assays, resulting in an apparent peripheral defect of CD4 + CD25 high regulation in MS patients.
Results
Suppressive function of the top 4% of sorted CD4 + CD25 high T cells from MS patients. We first studied the frequency of CD4 + CD25 high T cells in MS patients and HIs using flow cytometry. Figure 1A shows that the mean frequency of CD4 + CD25 high cells within the CD4 + T cell population was 2.5% ± 1.4% for HIs and 3.5% ± 1.2% for MS patients (P = NS), confirming that there is no difference in the frequency of CD4 + CD25 high T cells between MS patients and HIs.
Next, in order to confirm the reported suppressive defect of the CD4 + CD25 high T cell population, we sorted these cells from the peripheral blood of patients (n = 11) and HIs (n = 11) using a highspeed FACS sorter and compared their inhibitory properties. The gate was set up to include 4% of the CD4 + T cells (based on a reference umbilical cord population) (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI35365DS1). A regulatory function assay was then performed based on the capacity of the cells to inhibit polyclonal proliferation of autologous CD4 + CD25 -cells. Figure 1B shows the results obtained under these conditions, when CD4 + CD25 high T cells sorted from MS patients were added to the coculture system, indicating an apparent defective regulatory function as compared with HIs (39.0% ± 28.4% suppression in MS patients versus 64.7% ± 33% in HIs; P = 0.048, Mann-Whitney U test). However, Figure 1C shows that under these sorting conditions, the isolated CD4 + CD25 high cells of both MS patients and normal individuals were not fully anergic, with a proliferation of 32.7% in MS patients and 26.3% in HIs (the proliferation of CD4 + CD25 -T cells from each group was used as the reference). The fact that the cells were not fully anergic under this gating condition led us to explore the possibility that contaminating cells were interfering with the proliferation assay. To do this, Tregs were sorted either by additionally taking into account their expression of CD127 or by using more stringent gating to select cells at the extreme end of CD25 positivity.
Similar suppressive activity of the top 2% of sorted CD4 + CD25 high T cells in MS patients and HIs. Because contrasting expression of CD25 and CD127 markers has been reported (13, 14) , we sorted the CD4 + CD25 high T cells using a more stringent threshold for CD25 expression (CD25 high ; less than 2% of the CD4 + T cells) to compare their inhibitory properties in patients and controls. Figure 2A shows that the gating stringency was indeed associated with a disappearance of CD127 high T cells among the purified CD4 + CD25 high T cells. Figure 2B shows that when sorting the top 2%, the suppression of CD4 + CD25 -T cell proliferation was roughly similar between the 2 groups (73.3% ± 17.8% in MS patients, n = 12, and 76.5% ± 20.5% in healthy controls, n = 10). Furthermore, in this sorting condition, the purified CD4 + CD25 high T cells were fully anergic ( Figure 2C ). Finally, we analyzed the intracellular FOXP3 expression in this CD4 + CD25 high subset. No significant difference was noted between MS patients (n = 10) and HIs (n = 9), with a mean expression of 83.2% ± 9.5% in patients and 78.5% ± 6% in HIs when gating only on the top 2% of CD4 + CD25 high cells ( Figure 2D ).
Thus, these experiments further support the idea that in MS patients, the presence of contaminating CD127 high cells within the CD4 + CD25 high T cell subset may explain an apparent alteration in their regulatory function. (13) . We compared the regulatory properties of CD127-depleted CD25 high T cells from MS patients and age-matched individuals. T cells were thus labeled with anti-CD127, and the CD4 + CD25 high CD127 low cells were sorted (Figure 2A) . Figure 3A shows that there was no difference in the percentage of CD25 high CD127 low cells within the CD4 + T cell populations of MS patients compared with HIs, with a mean frequency of 6.8% ± 1.8%
for MS patients and 6.2% ± 1.6% for HIs (P = NS, Mann-Whitney U test). The cells were then tested for their ability to suppress the proliferation of CD4 + CD25 -cells in response to irradiated autologous PBMC and anti-CD3 activation over 5 days. Under these conditions, no significant difference in suppression of autologous CD4 + CD25 -proliferation was observed between the CD4 + CD25 high CD127 low cells of RR-MS patients (n = 25) and those of healthy controls (n = 23) ( Figure 3B ). Proliferation of CD4 + CD25 -T cells was inhibited by a mean of 75.3% ± 20.9% in MS patients and 78.3% ± 15.0% in agematched HIs. Thus, an improvement in the suppressive function of this cell subset was observed in both MS patients and HIs, as compared with the use of CD25 alone as a marker of Tregs. The proliferation of these cell subsets was then tested and compared with
Figure 2
Suppressive activity and proliferation of the top 2% of sorted CD4 + CD25 high cells from MS patients and healthy controls. (A) CD4 + lymphocytes obtained from the peripheral blood of MS patients and healthy controls were stained with Pe-Cy7-conjugated anti-CD3, FITC-conjugated anti-CD8, Alexa Fluor 647-conjugated anti-CD25, and PE-conjugated anti-CD127. Sorting was performed on the CD4 + CD25 high CD127 low and CD4 + CD25 high CD127 high populations. Sorting was also performed on the CD4 + CD25 high population with 2 different gates. In the example provided for 1 MS patient, CD4 + CD25 + T cells appear in orange, CD4 + CD25 + CD127 low T cells appear in green, and CD127 high cells appear in violet. The presence of CD127 high activated cells can be observed in the CD4 + CD25 high sorted T cells when the gate is not stringent enough (4% gating stringency, area above the red line), while in the case of a 2% gating stringency (area above the blue line), only a few CD127 high cells remain within the CD4 + CD25 high T cell subset. their CD4 + CD25 -counterparts. Figure 3C shows that in these new conditions, the basal proliferation of the CD4 + CD25 high CD127 low T cells was very low or absent (a representative example is shown in Supplemental Figure 2 ) and clearly differed from that of the top 4% of sorted CD4 + CD25 high cells. In addition, this lack of proliferation was totally reversed by the addition of IL-2 (data not shown), suggesting a state of anergy. The suppressive activity was dose dependent in that dilution of the CD4 + CD25 high CD127 low T cells (over a range of 1:1 to 1:10) decreased their suppressive function ( Figure 3D ). Finally, CD4 + CD25 high CD127 low Tregs from MS patients were able to suppress effector CD4 + CD25 -cells from HIs to the same extent as the CD4 + CD25 high CD127 low cells from HIs on CD4 + CD25 -T cells from MS patients ( Figure 3E ).
Finally, we analyzed intracellular FOXP3 expression in the CD4 + CD25 high CD127 low cells. No significant difference was noted between patients (n = 10) and HIs (n = 9), with a mean expression of 92.6% ± 4.8% in MS patients and 96.4% ± 2% in HIs ( Figure 3F) .
Further, when considering the production of IFN-γ or IL-2 by CD4 + CD25 -responder cells after 3 days of polyclonal stimulation in the presence of irradiated autologous PBMCs, the same suppressive capacity of CD4 + CD25 high CD127 low T cells was observed in patients and controls (n = 4; Figure 4 ). An 84% and an 83% reduction in IFN-γ production was observed in MS patients and HIs, respectively. Similarly, the reduction in IL-2 production was 88% and 87% in MS patients and HIs, respectively.
Taken together, these data indicate that CD4 + CD25 high CD127 low Tregs from MS patients do not display a defect in their suppressive properties and that activated CD127 high cells within the CD4 + CD25 high T cell population interfere with the proliferation assay.
Significantly higher proliferation of activated CD4 + CD25 high CD127 high T cells in MS patients versus HIs. In order to know whether the apparently impaired suppressive function of the CD4 + CD25 high cell subset (not depleted of CD127 high cells) from MS patients ( Figure 1B ) could be due to the presence of activated CD127 high cells, we first compared the frequency of CD4 + CD25 high CD127 high cells between MS patients and HIs. No difference was observed between the 2 groups (9.2% ± 4.8% in MS patients and 8.2% ± 4.6% in controls) ( Figure 5A ). Next, the proliferation of the CD4 + CD25 high CD127 high T cells of both MS patients (n = 20) and HIs (n = 20) was compared with that of CD4 + CD25 high CD127 low T cells. The data were normalized against the proliferation of CD4 + CD25 -T cells in order to compare individuals, as the absolute values of proliferation under CD3 stimulation can be variable. This type of presentation has been reported before (14) . The raw data expressed in cpm are provided in Supplemental  Figures 3-5 . Figure 5B shows no difference in proliferation of the CD4 + CD25 high CD127 low subset between MS patients and HIs, with a very low proliferation in both groups. On the contrary, the proliferation of CD4 + CD25 high CD127 high T cells in MS patients was 1.9-fold higher (4.2 ± 3.9 relative to the proliferation of CD4 + CD25 -T cells) than in controls (2.2 ± 2.8; P = 0.017, Mann-Whitney U test; Figure 5B ). This observation further supports the possibility that the CD127 high T cells within the CD4 + CD25 high subset might interfere in the apparent defective regulation of CD4 + CD25 high T cells in MS patients. This CD127 high contamination can be prevented using a selective sorting of CD127 low cells or more stringent gating sorting conditions of CD4 + CD25 high cells (Figure 2A ). The contribution of these activated cells to the apparent alteration in regulatory properties of the CD4 + CD25 high cells was also demonstrated by the significant inverse correlation observed between the suppressive function of CD4 + CD25 high cells and the presence of CD127 high T cells within this cell subset (Pearson correlation coefficient of r = -0.51; P = 0.006, linear regression test; Figure 5C ). Finally, we analyzed intracellular FOXP3 expression in the CD4 + CD25 high CD127 high cells. No significant difference was noted between MS patients (n = 10) and HIs (n = 9), with a mean expression of 17.7% ± 10.8% in patients and 16.8% ± 8.6% in controls ( Figure 5D) .
Cytokine secretion by the CD4 + CD25 high CD127 high , CD4 + CD25 -, and CD4 + CD25 high CD127 low populations in MS patients and HIs. The cytokines TNF-α, IFN-γ, and IL-2 were also measured in the supernatants of the proliferation assays from the CD4 + CD25 high CD127 high , CD4 + CD25 high CD127 low , and CD4 + CD25 -cell populations and their cocultures after 24 hours of proliferation. No significant difference was observed between patients (n = 10) and HIs (n = 10) for the 3 cell subsets (data not shown) after 24 hours. However, CD4 + CD25 high CD127 high cells from MS patients secreted significantly higher levels of cytokines than CD4 + CD25 high CD127 low and CD4 + CD25 -T cells ( Figure 6A ; P = 0.011, P = 0.0001, and P = 0.0005 when compared with CD4 + CD25 -for IFN-γ, TNF-α, and IL-2, respectively; and P = 0.0031, P = 0.0039, and P < 0.0001 when compared with CD4 + CD25 high CD127 low for IFN-γ, TNF-α, and IL-2, respectively; Mann-Whitney U test), suggesting that these cells had a proinflammatory potential. In addition, CD4 + CD25 high CD127 low T cells did not produce IL-2 or IFN-γ when stimulated by anti-CD3, as would be expected from their regulatory phenotype.
Hence, to study their production of cytokines, CD4 + CD25 high CD127 high cells from MS patients (n = 4) and HIs (n = 4) were cultured under CD3 polyclonal stimulation in the presence of irradiated PBMCs for 3 days. IFN-γ and TNF-α were subsequently measured using a multiplex fluorescent bead assay. As shown in Figure 6B , 6,580 ± 2,093 pg/ml of IFN-γ was detected in the cultures of MS patient cells as compared with 2,567 ± 1,092 pg/ml for HIs. Concerning TNF-α production, the cells from MS patients produced 3,107 ± 346 pg/ml compared with 1,571 ± 629 pg/ml for HIs. IL-2 production was also increased in MS patients as compared with HIs (14 ± 3 versus 6 ± 2 pg/ml, respectively). The CD4 + CD25 high CD127 high cells from MS patients produced nearly 2-fold more proinflammatory cytokines compared with the same cells from HIs. While statistical significance was not achieved, a trend toward significance was observed (IFN-γ, P = 0.06, Mann-Whitney U test; TNF-α, P = 0.09; IL-2, P = 0.1) despite the very low number of patients and controls studied (n = 4).
FOXP3 content of CD4 + CD25 high and CD4 + CD25 high CD127 low populations in MS patients and HIs. We compared intracellular FOXP3 expres-
sion between CD4 + CD25 high and CD4 + CD25 high CD127 low cell subsets in patients (n = 10) and controls (n = 9). The use of anti-CD127 antibody provided a purified CD4 + CD25 + CD127 low population expressing more FOXP3 in MS patients and HIs (92.6% ± 4.8% and 96.4% ± 2%, respectively), as compared with 83.2% ± 9.5% in patients and 78.5% ± 6% in HIs when gating only on the top 2% of the CD4 + CD25 high population (P < 0.0001, Mann-Whitney U test; Figure 7 ). Discussion CD4 + CD25 + FOXP3 + regulatory T lymphocytes have been shown to play a key role in controlling potentially harmful responses to self-determinants in mice (24) and humans (1) . Recently, a possible defect in the function of CD4 + CD25 high cells has been reported in patients with RR-MS (1, (19) (20) (21) . In this paper, we revisited this observation by analyzing the properties of subpopulations of CD4 + CD25 high T cells, taking into consideration the recent findings that activated/memory cells expressing CD127 are also present
Figure 4
Suppression of cytokine production by CD4 + CD25 high CD127 low T cells in patients and controls. Cytokines (IL-2 and IFN-γ) were measured in supernatants taken from each well 3 days after the initiation of coculture (CD4 + CD25 -T cells/CD4 + CD25 high CD127 low T cells at a 1:1 ratio) using a multiplex fluorescent bead immunoassay. Three days after initiation of the coculture, the same percentage suppression of IFN-γ (top panels) and IL-2 (bottom panels) production by CD4 + CD25 high CD127 low was observed in the cocultures from 4 patients and 4 HIs. Data are mean ± SD.
within the CD4 + CD25 + T cell population and can potentially interfere in the classical functional assays for measuring CD4 + CD25 high Treg suppressive properties (13, 14, 25) . To our knowledge, this is the first study using CD127 to discriminate Tregs in MS patients and showing that this CD4 + CD25 high CD127 low T cell subset actually has the same regulatory potency in patients and in age-matched control subjects. The frequency of the CD4 + CD25 high T cells also appeared to be similar between MS patients and HIs, as reported previously (18) . However, several studies have reported a defective suppressive function in CD4 + CD25 high T cells from MS patients under polyclonal (21) or antigen-based stimulation (19, 20) , suggesting that this defect might be involved in the physiopathology of MS (26, 27) . At the time of these studies, CD127 low staining was not available for the CD4 + CD25 high Tregs. Our investigations suggest that CD4 + CD25 high Treg function may not be altered in MS, since CD4 + CD25 high CD127 low T cells display a normal suppressive function. Rather, a discrete population of CD4 + CD25 high CD127 high cells in patients is likely to interfere with the coculture assay by a trend for hyperproliferation and for producing more proinflammatory cytokines able to enhance CD25 -T cell proliferation. Our data shed new light on the heterogeneity of the CD4 + CD25 high T cell population and suggest a possible role for CD4 + CD25 high CD127 high cells in MS. These findings are indirectly supported by recent genomic studies in MS suggesting alterations in IL2RA and IL7RA genes (28) (29) (30) .
As expected, we first confirmed a defective suppressive function of the CD4 + CD25 high T cells in MS patients (39% in MS patients versus 69% in age-matched HIs, P < 0.05). However, because CD25 is not specific for Tregs but is also expressed by activated T cells (1, (31) (32) (33) , it was important to take into consideration other markers that distinguish activated/memory cells not endowed with regulatory function. Another difficulty in assessing Treg function by studying CD4 + CD25 + cells comes from the fact that the CD4 + CD25 high population is difficult to distinguish from the CD4 + CD25 int population (thought to contain activated T cells) because there is no clear and stereotyped cut-off between high and intermediate CD25 expression in humans (1, 2) . In fact, our data show that changing the gat- ing stringency when sorting these cells dramatically affects the suppressive capacity of the CD4 + CD25 high T cells in the proliferation assay, probably by introducing activated T cells in the coculture assay. Using too low a stringency sorting threshold may thus result in an apparent defect in regulatory function in the CD4 + CD25 high T cell subset in MS patients as in HIs, but not in the same proportion (see Figure 1C and Figure 2B for the difference obtained in percentage of suppression when using a 2% or a 4% gating stringency both in patients or controls). Indeed, the same cells obtained from MS patients using a more stringent sorting threshold did not present abnormal regulatory function. It is thus difficult to compare the results obtained in different studies when Tregs are purified based solely on their expression of CD4 and CD25.
Recently, CD127 has been shown to be negatively correlated with FOXP3 expression in CD4 + CD25 high T cells, enabling improved sorting of viable Tregs (13, 14) . Thus, we used anti-CD127 to discriminate the properties of CD127 high -depleted cells among the CD4 + CD25 high T cell subset in MS patients and HIs and found that the suppressive function of the CD4 + CD25 high CD127 low cells was similar between the 2 groups. Furthermore, 94% of the CD4 + CD25 high CD127 low T cells expressed FOXP3 protein compared with 82% in CD4 + CD25 high cells (P < 0.0001, Mann-Whitney U test; Figure 7) , indicating that the cells sorted using the CD127 marker are a purer population than those obtained using only CD25. The comparable high FOXP3 + score in the CD127-depleted CD25 high cells and the comparable regulatory function observed in MS patients and HIs also suggests that MS patients have no defect in their Tregs. Hence, when comparing the production of IFN-γ by CD4 + CD25 -cells under polyclonal stimulation in the presence or absence of CD4 + CD25 high CD127 low cells, a similar suppressive property was found for this Treg subset, confirming the data observed with the proliferation assays. This observation of a similar regulatory function between MS patients and HIs suggests that contaminating CD127 high T cells interfere in the suppression assays. The presence of activated CD127 high T cells within the CD4 + CD25 high T cells of patients with MS could explain the discrepancy observed between the 2 groups despite a similar frequency of CD4 + CD25 high CD127 high cells in MS patients and HIs. An enhanced proliferation of this T cell subset was observed compared with the proliferation of CD25 -cells, suggesting that this subpopulation may exhibit an abnormal activation state in MS patients. This would at least partly explain the defect in suppressive function observed with the CD4 + CD25 high T cells. In addition, in our experiments the CD4 + CD25 high CD127 high T cells exhibited a proinflammatory profile as measured by the levels of IL-2, IFN-γ, and TNF-α produced in the supernatants of the proliferation assays as compared with the responder CD4 + CD25 -cell subset. Hence, when compared with HIs, this subset of cells from MS patients seemed to produce more proinflammatory cytokines (IFN-γ, TNF-α, and IL-2). The extent to which this increased production of T cell mitogenic cytokines (such as IL-2 and IFN-γ; ref. 34 ) may play a role in the proliferation of the CD25 -T cell subset within the coculture system requires further investigation. Recently, CD4 + CD25 high CD127 high cells have also been suggested to play a role in allograft rejection in humans. Grafts infiltrated by CD4 + CD25 high CD127 high T cells contained allospecific CD4 + T cells and also secreted effector cytokines such as TNF-α and IFN-γ (35). Altogether, it is possible that this CD4 + CD25 high CD127 high T cell subset plays a role in MS or other inflammatory processes. Our observations also indirectly corroborate the results of 3 recent studies on risk alleles associated with MS, which revealed an alteration of 2 genes, IL2RA and IL7RA (28) (29) (30) . Recently, Venken and colleagues also used CD127 to discriminate memory and naive Tregs in MS patients (36) . They still found a defective suppressive function of the Tregs in MS patients, even after a sorting strategy based on CD127 low cells. However, they also used the counterpart CD4 + CD25 -CD127 high cells as responders. Our data suggest that these cells are different between MS patients and HIs, since we show here that CD4 + CD25 high CD127 high cells may be hyperproliferative and produce more proinflammatory cytokines, also resulting in an apparent defect in regulation.
To conclude, using 2 different parameters (suppression of proliferation and cytokine production), our work suggests that the inhibitory function of the regulatory CD4 + CD25 high T cell subset may not actually be altered in MS when contaminating CD127 high cells are removed. In addition, the counterpart CD4 + CD25 high CD127 high T cell subpopulation in MS patients may proliferate more or produce more mitogenic cytokines, at least partly explaining the previous observation of a decreased suppressive property of CD4 + CD25 high cells in MS patients. This CD4 + CD25 high CD127 high T cell subset will be the subject of future investigations, since it might play a role in the inflammatory process observed in MS.
Methods

Patients. Thirty-four patients with definite MS according to the McDon-
ald criteria (37) were enrolled in the study. All patients presented RR-MS and did not receive disease-modifying therapy (including corticosteroid boluses) for at least 3 months prior to testing. The patients were between the ages of 19 and 60 (mean, 35.9 ± 9.5 years), and their Kurtzke Expanded Disability Status Scale (EDSS) scores (38) were between 0 and 6.5 (mean, 1.75 ± 1.6). The disease duration ranged from 6 months to 17 years (mean, 4.5 ± 4.9 years). MS patients 1-25 were used for suppression and proliferation experiments concerning the different T cell subsets studied, while MS patients 25-34 were used for experiments concerning cytokine production. The characteristics of all patients are available in Supplemental Table 1 .
Twenty-five HIs, matched for age with MS patients, between the ages of 21 and 60 (mean, 34.5 ± 8.7 years) and with no history of autoimmune diseases or recent infection episodes, were also enrolled in this study. All patients and HIs gave written informed consent prior to the study.
Isolation of CD4 + CD25 -, CD4 + CD25 high , CD4 + CD25 high CD127 low , and CD4 + CD25 high CD127 high T cell populations. PBMCs were isolated from 100 ml of EDTA whole blood by density centrifugation over Ficoll-Paque (Eurobio). Freshly-isolated cells (1.5 × 10 8 ) from each experiment were incubated for 20 minutes in PBS with 30 μl FITC-conjugated anti-CD8, 30 μl PE-conjugated anti-CD127, 20 μl PE-Cy7-conjugated anti-CD3 (BD Biosciences), and 5 μl Alexa Fluor 647-conjugated anti-CD25 (anti-CD25 from Immunotech coupled to the fluorochrome using a molecular probe kit from Invitrogen). Human CD4 + CD25 high , CD4 + CD25 -, CD4 + CD25 high CD127 low , and CD4 + CD25 high CD127 high T cells were then separated from PBMCs using a high-speed cell sorter (FACSAria; BD Biosciences). Purity was systematically greater than 98% for CD4 + CD25 -T cells and greater than 95% for CD4 + CD25 high CD127 low cells. For sorting, parameters were set once and automatic compensations were performed using FACSDiva software (BD Biosciences). Because we performed anti-CD3 staining for the sorting procedure, we checked that this staining had no influence on further experiments. We compared the proliferation of CD4 + CD25 -and CD4 + CD25 high CD127 low cells as well as their coculture when the sorting was performed with or without anti-CD3. We did not find any difference in terms of proliferation or suppression (data not shown).
Proliferation assay. All experiments were performed on fresh peripheral blood lymphocytes. To assess the functional activity of the different subsets of cells (CD4 + CD25 high and CD4 + CD25 high CD127 low ), 2 × 10 4 responder cells (CD4 + CD25 -T cells) were cocultured for 5 days with 2 × 10 4 CD4 + CD25 high cells or CD4 + CD25 high CD127 low cells (ratio 1:1) and 1 × 10 5 autologous irradiated PBMCs in complete RPMI 1640 medium supplemented with HEPES, l-glutamine, penicillin, streptomycin, sodium pyruvate, nonessential aminoacids, and 10% human AB serum. All experiments were run in duplicate in 96-well plates bound with anti-CD3 (Orthoclone OKT3; Janssen-Cilag) at 1 μg/ml as described previously (39) . Anti-CD3 antibody was used as a polyclonal T cell stimulus. Cultures were incubated at 37°C in a humidified atmosphere. After 5 days of culture, the cells were pulsed with 1 μCi per well of 3 H-thymidine (Amersham Biosciences) for 16 hours. The cells were then harvested and counted in a scintillation counter. 3 H-thymidine incorporation was measured as cpm. The percentage of suppression of the responding cell proliferation was determined as 1 - (proliferation of coculture / proliferation of responder population alone) × 100, where proliferation was expressed as cpm.
In order to compare the proliferation of each cell subpopulation and among individuals, and because of variability in proliferation from one patient to another, the proliferation of the T cell subsets (CD4 + CD25 high , CD4 + CD25 high CD127 low , and CD4 + CD25 high CD127 high ) was normalized to the proliferation of the CD4 + CD25 -subset in each patient or control. In each case, baseline proliferation in absolute cpm was checked, and several representative examples are provided. All data concerning the proliferation of each subpopulation of T cells for each patient and HI are available in Supplemental Figures 1-4 .
Measurement of cytokine production. Cytokines (IL-2, TNF-α, and IFN-γ) were measured in supernatants taken from each well 24 hours after the initiation of coculture using a multiplex fluorescent bead immunoassay (Lincoplex) together with a Luminex device. To assess the suppression of IL-2 and IFN-γ production by CD4 + CD25 -T cells, these cytokines were measured after 3 days in the cocultured supernatants of CD4 + CD25 high CD127 low and
Figure 7
Comparison of FOXP3 expression in CD4 + CD25 high T cells and CD4 + CD25 high CD127 low cells. Intracellular FOXP3 staining was performed in 9 HIs. A significant difference was observed between the top 2% of sorted CD4 + CD25 high and CD4 + CD25 high CD127 low T cells (P < 0.0001, Mann-Whitney U test). The horizontal lines indicate the mean values for each group.
CD4 + CD25 -responder cells (ratio 1:1) and 1 × 10 5 autologous irradiated PBMCs under the CD3 polyclonal stimulation as described above.
For comparison of cytokine production by CD4 + CD25 high CD127 high T cells from patients and controls, CD4 + CD25 high CD127 high T cells were cocultured with irradiated PBMCs as described above together with anti-CD3. Supernatants were removed 3 days after the beginning of the assay, and IFN-γ, TNF-α, and IL-2 were measured using the multiplex fluorescent bead immunoassay as above. For this experiment, 4 more patients and HIs were randomly included in the study according to the criteria set out in the patients section.
FACS analysis. PBMCs (10 6 per sample) were stained with PE-Cy7-conjugated anti-CD3, FITC-conjugated anti-CD8, PE-Cy5-conjugated anti-CD25, and PE-conjugated anti-CD127 (all from BD Biosciences), followed by intracellular staining with human FOXP3 (APC conjugate) staining assay kit (Imgenex).
Statistics. Statistical analyses were performed using GraphPad Prism 4.0. Parametric statistical analysis (mean and SEM) was performed using standard methods. Significant differences were calculated using the nonparametric Mann-Whitney U test, and linear regression analysis was performed using the Pearson correlation test. For all tests, P values of less than 0.05 were considered significant.
